We discuss the connection between the origin of neutrino masses and the properties of dark matter candidates in the context of gauge extensions of the Standard Model. We investigate minimal gauge theories for neutrino masses where the neutrinos are predicted to be Dirac or Majorana fermions. We find that the upper bound on the effective number of relativistic species provides a strong constraint in the scenarios with Dirac neutrinos. In the context of theories where the lepton number is a local gauge symmetry spontaneously broken at the low scale, the existence of dark matter is predicted from the condition of anomaly cancellation. Applying the cosmological bound on the dark matter relic density, we find an upper bound on the symmetry breaking scale in the multi-TeV region. These results imply we could hope to test simple gauge theories for neutrino masses at current or future experiments. *
INTRODUCTION
The origin of neutrino masses is one of the most pressing issues in particle physics today. The Standard Model (SM) of particle physics needs to be modified in order to account for neutrino masses. Thanks to the ongoing effort of many experimental collaborations, at present we have constraints on the masses and mixing angles of neutrinos, see for example Ref. [1] . However, we still do not know the type of spectrum, whether CP symmetry is broken in the leptonic sector and whether neutrinos are Dirac or Majarana fermions.
The simplest gauge symmetries we can use to understand the origin of neutrino masses are B −L or L, where B and L stand for baryon and lepton numbers, respectively. The neutrinos are Majorana fermions when the B −L (or L) symmetry is broken in two units, or they can be Dirac particles when B −L (or L) is conserved or broken in a unit different than two. In both cases, we can hope to test the mechanism for neutrino masses only if the B −L (or L) symmetry breaking scale can be reached at current or future colliders. Unfortunately, in a large class of models for Majorana neutrino masses based on the seesaw mechanism [2-5], the canonical seesaw scale can be very large, M seesaw 10 14 GeV, which makes the mechanism impossible to falsify.
Recently, we have discussed a simple theory for neutrino masses where the seesaw scale is in the multi-TeV region [6] . In this context, the same U(1) B−L gauge symmetry that explains the origin of neutrino masses defines the properties of a cold dark matter candidate. Using the cosmological constraints on the dark matter relic density, it was found that the seesaw scale must be in the multi-TeV region. Therefore, there is hope to test the origin of neutrino masses and the seesaw mechanism at colliders. For other studies of gauged B −L with a dark matter candidate see Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and for scenarios that explore a connection between the origin of neutrino masses and the dark matter candidate see Refs. [18] [19] [20] [21] [22] [23] .
In this article, we investigate possible connections between the origin of neutrino masses and the properties of dark matter candidates in simple gauge extensions of the SM based on local B −L or L gauge symmetries. We focus on two main scenarios in the context of B −L theories: a) Stueckelberg Scenario and b) Canonical Seesaw Scenario. In the Stueckelberg scenario, the neutrinos are Dirac fermions and the B −L gauge boson acquires mass through the Stueckelberg mechanism. In the Canonical Seesaw scenario the U(1) B−L symmetry is spontaneously broken in two units using the Higgs mechanism and the neutrinos are Majorana fermions. In both cases the dark matter candidate is a vector-like Dirac fermion charged under the U(1) B−L symmetry. We study the simplest theories with gauged lepton number, U(1) L [24] [25] [26] [27] , where the existence of a dark matter candidate is predicted from anomaly cancellation. Models with gauged lepton number have also been studied in Refs. [28] [29] [30] [31] [32] . In this case, the lepton number is broken in three units and the neutrinos are predicted to be Dirac particles, while the dark matter candidate is a Majorana fermion.
We investigate the cosmological constraints on the relic dark matter density and show that the upper bound on the symmetry breaking scale in those theories is in the multi-TeV scale. Therefore, one could test these theories for neutrino masses and dark matter in the near future. In the theories where the neutrinos are Dirac particles, the Stueckelberg scenario and the theory based on U(1) L , we find a strong bound coming from the measurement of the number of relativistic species in the early Universe. Our main results suggest that one could be optimistic about the possibility to test the different theories for neutrino masses if there is a simple connection to the properties and origin of dark matter candidates.
NEUTRINO MASSES AND THE NEW PHYSICS SCALE
The observation of non-zero neutrino masses provides evidence that the Standard Model must be modified. At present, it remains unknown whether neutrinos are Dirac or Majorana fermions. In the scenario where neutrinos are Dirac in nature, their masses can be generated using the Yukawa interactions between the SM neutrinos, the SM Higgs and the additional right-handed neutrinos,
In order to generate neutrino masses in agreement with the experimental constraints, the Yukawa coupling Y ν must be very small, i.e. if Y ν ≤ 10 −12 then m ν ≤ 0.1 eV. In this case it is necessary to forbid the Majorana mass term for the right-handed neutrinos which otherwise would be allowed by the SM gauge symmetries. One of the simplest mechanisms to generate Majorana neutrino masses is the Type I seesaw mechanism [2] [3] [4] [5] , where the following terms are added to the Lagrangian,
and once the right-handed neutrino masses are integrated out, the SM neutrino mass matrix is given by
where m D = Y ν v 0 / √ 2 and v 0 is the SM Higgs vacuum expectation value. If we take m D to be around the electroweak scale, m D ∼ 10 2 GeV, then we have that M R 10 14 GeV. Therefore, in general, it will be difficult to test the theory for neutrino masses at current and future colliders. However, we note that the masses m D and M R are unknown and still the seesaw mechanism could be realized at a lower scale.
In simple gauge theories where the origin of neutrino masses can be understood, the seesaw scale is determined by the new gauge symmetry scale. The simplest theories are based on U(1) B−L or U(1) L [24] [25] [26] [27] . In both scenarios, anomaly cancellation requires at least the addition of three right-handed neutrinos. Hence, the consistency of the theory automatically requires neutrino masses. The main difference between both possibilities is that, while in the case of B − L the theory is already anomaly free by the addition of three copies of right-handed neutrinos, in the case of U(1) L one needs extra fields to define an anomaly free theory. However, whereas in U(1) B−L one is forced to include the dark matter by hand in such a way that the cancellation of the anomalies remains unspoiled, in the case of U(1) L there is a natural dark matter candidate among the extra fermions that one needs to consider for anomaly cancellation.
The LEP collider provides a bound on the B−L gauge boson. In this work, we use the recent study of Ref. [33] that gives
This bound relies on the coupling with leptons, and hence, it can also be applied to the gauge boson of lepton number Z L . Furthermore, dilepton searches at the LHC can also be used to constrain the U(1) B−L scenario, we use the result from ATLAS for center-of-mass energy √ s = 13 TeV and 36.1 fb −1 of integrated luminosity [34] . In Fig. 1 , we show these bounds in the g BL − M Z BL plane. Here, g BL is the B − L gauge coupling and M Z BL is the mass of the new B − L gauge boson. As can be appreciated, if the gauge coupling is of order one, g BL ≈ 1, the gauge boson must be heavier than 7-8 TeV. The bounds from the LHC become relevant in the region M Z BL 4 TeV. In the next sections, we will discuss simple gauge theories where there is a link between the origin of neutrino masses and the properties of the DM candidate and show that the B − L (or L) breaking scale must be, at most, in the multi-TeV scale.
COSMOLOGICAL CONSTRAINTS: N eff
New light states with non-negligible interactions with the SM could be copiously produced at high temperatures in the early Universe. During the radiation era, they would contribute to the total energy density of the Universe and therefore modify the predictions for the Cosmic Microwave Background (CMB). Therefore, the observation of the CMB with high angular resolution, as well as other indirect methods, such as the measurement of the abundance of light elements in the Universe, can impose relevant bounds on the existence of these light states. The measurement of the effective number of neutrino species can be used to constrain theories that have additional light particles that interact with the SM, see for example Ref. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , including right-handed neutrinos coupled to a Z and light thermal dark matter candidates. Axion-like particles that thermalize in the early Universe can also contribute to the value of N eff [46] [47] [48] [49] .
In the scenarios in which the right-handed neutrinos ν R are coupled to a new gauge boson they could thermalize and contribute to the effective number of neutrino species as The region shaded in pink is excluded by the CMB measurement by the Planck satellite mission [50] . For comparison, we show the bound from LEP [33] in red.
where the last equality follows from conservation of entropy in the plasma and g(T ) corresponds to the relativistic degrees of freedom at temperature T . Here, N ν R refers to the number of relativistic right-handed neutrinos. For the active neutrinos we have T dec ν L ≈ 2.3 MeV [51] and hence g(T dec ν L ) = 43/4. For the prediction in the SM we take the recent result N SM eff = 3.045 [52] . In order to predict the shift in the effective number of neutrino species, ∆N eff , one needs to estimate the temperature at which the right-handed neutrinos decouple from the plasma. The latter occurs when the interaction rate drops below the expansion rate of the Universe,
where the Hubble expansion parameter is
where g ν R = 2 is the number of spin states of the right-handed neutrinos and g(T ) is the number of relativistic SM species in thermal equilibrium at temperature T . In the calculation of g(T ), one needs to take into account the QCD phase transition, i.e. the threshold between quarks and hadrons as degrees of freedom. This transition can be computed via lattice QCD. Here we will use the results from Ref. [53] . The right-handed neutrinos remain in thermal equilibrium with the SM via exchange of a new gauge boson Z ,
where the Fermi-Dirac distribution has been used to determine the number density of particles in a fermion gas at the thermal equilibrium,
and since the particles in the gas are relativistic, the chemical potential µ can be ignored. In the above equation, v M = (1 − cos θ) refers to the Moller velocity and s = 2pk(1 − cos θ) where p and k are the momenta of the interacting relativistic particles and θ, the angle between them. For a massless right-handed neutrino,
The cross-section for this process is given by
where N C f is the color multiplicity of the fermion, i.e. N C f = 1(3) for leptons (quarks) and n f is the charge of the fermion under the new symmetry through which the right-handed neutrinos interact with the rest of the plasma. In this work, we focus on heavy mediators T dec ν R M Z , and hence, we can work in the limit s M Z . Neglecting the fermion masses, the interaction rate reads
where the sum is performed over all SM fermions that are in thermal equilibrium at the temperature T . In order to understand the bounds in models where the right-handed neutrinos are very light, we use the value for N eff derived from the CMB measurement by the Planck satellite mission [50] ,
adopting the most conservative limit. Moreover, future CMB Stage-IV experiments [54] are expected to improve this measurement to ∆N eff < 0.06. In theories based on local B−L or L gauge symmetries that have Dirac neutrinos, the righthanded counterparts of the latter thermalize with the SM and contribute to N eff . In the left panel of Fig. 2 we present our results for the decoupling temperature of the right-handed neutrinos, ν R , as a function of the ratio M Z /g . In the right panel of Fig. 2 we present the prediction for ∆N eff in these models. As can be seen in the figure, in these theories the bound coming from Planck is stronger than the collider bound coming from LEP. Basically, in these theories we find that M Z /g > (9 − 10) TeV in order to satisfy the N eff bounds. This has implications for any gauge theory coupled to the SM with very light new particles. In the next sections, we will study the implications of this bound on the phenomenology of dark matter candidates.
B − L GAUGE THEORIES, NEUTRINOS AND DARK MATTER A. Stueckelberg Scenario
Neutrinos are Dirac particles if B −L is a conserved symmetry. The local gauge symmetry U(1) B−L can remain conserved and the associated gauge boson can acquire mass through the Stueckelberg mechanism. For a review on the Stueckelberg mechanism, see Refs. [55, 56] . Due to the absence of a scalar particle in the B − L sector, it is not possible to write a mass term for a Majorana fermion with B − L charge. Therefore, the DM could be a scalar φ or a Dirac fermion χ ∼ (1, 1, 0, n χ ). The state χ is stable for n χ = 1; since this value allows for χ to mix with the neutrinos and decay. In addition, n χ cannot be arbitrarily large; perturbativity requires n χ ·g BL < √ 4π to be satisfied. In the case where DM is a scalar field, it is not possible to predict an upper bound for the mass of the B−L gauge boson. This is because, through the introduction of a Higgs portal term, φ † φH † H, the DM can be produced and the Z BL boson can be decoupled. Thus, we discuss the scenario where the DM is a fermionic state. In this case, the relevant Lagrangian is given by
which is invariant under the following gauge transformations,
and the σ field decouples from the theory. When the Stueckelberg mechanism is applied to an Abelian gauge group the theory is renormalizable and unitary. However, for non-Abelian gauge groups, violation of unitarity arises at tree-level in the scattering of longitudinal gauge bosons. The properties of the dark matter candidate, χ = χ L + χ R , are defined by the B − L gauge interaction. The model contains only four free parameters
For the rest of our discussion we fix n χ = 1/3 for simplicity, but the main conclusions can be applied to any other scenario with different charge. The annihilation channels of our dark matter candidate are:χ
see Appendix B for their explicit representations in Feynman graphs. We note that the annihilation channel into fermions is the dominant one, with a higher contribution from annihilation into leptons due to their larger coupling to Z BL ; the leptons have B−L charge −1, while quarks have +1/3. In this model, the perturbative bound on the gauge coupling is given by g BL < 2 √ π.
In order to compute the dark matter relic abundance, Ω χ h 2 , numerically we use MicrOMEGAs 5.0.6 [59] implementing the model with help of LanHEP 3.2 [60] . We cross-check our results with an independent calculation in Mathematica. In Fig. 3 , we present our results in the (M χ , M Z BL ) plane for the Stueckelberg scenario. The solid blue line satisfies the correct dark matter relic abundance Ω χ h 2 = 0.1200 ± 0.0012 [50] , while the region shaded in light blue overproduces it. The The solid blue line satisfies the correct dark matter relic abundance Ω χ h 2 = 0.1200 ± 0.0012 [50] , while the region shaded in light blue overproduces it. For the points that saturate the relic abundance, we mark in green those that are excluded by Xenon-1T [57] and mark in purple those that will be reached by the Xenon-nT [58] experiment. The horizontal red (pink) line corresponds to the LEP [33] (LHC [34] ) bound on the mass of the Z BL gauge boson. The left (right) panel corresponds to g BL = 1.5 (g BL = 2 ) and n χ = 1/3. The bounds from N eff are shown by the horizontal black line.
latter is then ruled out by cosmology unless the thermal history of the Universe is altered. The horizontal red (pink) line corresponds to the LEP [33] (LHC [34] ) bound on the mass of the Z BL gauge boson. The left (right) panel corresponds to g BL = 1.5 (g BL = 2 ) and n χ = 1/3. The solid green line shows current experimental bounds from Xenon-1T [57] and the purple lines shows the projected sensitivity for Xenon-nT [58] . The small feature that can be observed in the right panel at around M χ ≈ 12 TeV corresponds to the region in parameter space where the χχ → Z BL Z BL channel also contributes to the relic density. The right-handed neutrinos feel the B −L interaction and they could be thermalized with the SM plasma in the early Universe and contribute to the effective number of neutrino species. Therefore, the bound on ∆N eff , discussed in Section 3, should be taken into account. This bound corresponds to
and is given by the black green line in Fig. 3 . We note that, as the figure shows, this bound is stronger than the LEP bound. As can be appreciated, the upper bound on the gauge coupling for n χ = 1/3 is g BL 2, since scenarios with larger values for the gauge coupling are totally excluded by the bounds on N eff . Therefore, using all cosmological bounds one finds an upper bound on the gauge boson mass, i.e. M Z BL 22 TeV. Direct detection experiments aim to measure the nuclear recoil from interaction with a dark matter particle. In this model, the only interaction between dark matter and the nucleon in atoms occurs via the exchange of a gauge boson,
The direct detection spin-independent cross-section is then given by,
where m N corresponds to the nucleon mass.
In Fig. 4 , we show the predictions for the direct detection spin-independent cross-section as a function of the dark matter mass in the Stueckelberg U(1) B−L scenario. Red points correspond to g BL = 0 − 0.25, orange points correspond to g BL = 0.25 − 0.5, blue points correspond to g BL = 0.5 − 0.75, green points correspond to g BL = 0.75 − 1.0, pink points correspond to g BL = 1.0 − 2.0 and purple points correspond to g BL = 2.0 − 2 √ π. The solid black line shows current experimental bounds from Xenon-1T [57] , the dashed black line shows the projected sensitivity for Xenon-nT [58] and the dotted black line shows the coherent neutrino scattering limit [61] . In this figure, we also present the bound coming from ∆N eff . As it can be seen, this is a strong bound and excludes a large region number of parameter space that otherwise could be reached by Xenon-nT. However, some of the points lie below the neutrino floor and hence will escape detection from future direct detection experiments.
In the scenario we have considered, the projected sensitivity of CMB Stage-IV for the measurement of N eff will fully probe this model. However, it should be noted that the bound coming from ∆N eff can be relaxed by taking the limit n χ 1, since this would require g BL 1 for the dark matter relic density to be explained. Even though the bounds on N eff may change under the choice of a different n χ , it can be shown that the upper bound on the B−L scale will not go beyond 100 TeV regardless of the choice if the charge [6] . For the case here considered, notice that one can also find an upper bound on the dark matter mass, i.e. M χ 13 TeV. Then, there is hope to test or rule out this simple theory for neutrino masses and dark matter in the near future.
B. Canonical Seesaw Scenario
Majorana neutrino masses can be generated through the spontaneous breaking of the B − L symmetry in two units, i.e. we introduce a new Higgs with quantum numbers S BL ∼ (1, 1, 0, 2). In this section, we will investigate the different dark matter scenarios in the case where the neutrinos are Majorana particles and their masses are generated through the canonical Type I seesaw scenario. In contrast to the Stueckelberg scenario, these models predict violation of lepton number.
The DM can be a Dirac fermion if we add a pair of vector-like fermionic fields, i.e. χ L ∼ (1, 1, 0, n χ ) and χ R ∼ (1, 1, 0, n χ ), where n χ = 1, 3; in order to avoid mixing with neutrinos and avoid the decay of DM. If we allow for non-renormalizable operators, odd values of n χ will give mixing between the dark matter candidate and neutrinos, and hence should be forbidden. The Lagrangian in this case is given by,
The covariant derivative for χ is given by , the dashed black line shows the projected sensitivity for Xenon-nT [58] and the dotted black line shows the coherent neutrino scattering limit [61] . The bounds from N eff are shown by a red horizontal line, ruling out the parameter space above this line.
The scalar potential is given by,
where H corresponds to the SM Higgs doublet and S BL is the new Higgs, only charged under the U(1) B−L group. In the zero temperature vacuum of the theory, both fields acquire a non-zero vacuum expectation value and we can write,
where the Higgs doublet has been written in the unitary gauge. This leads to mixing among both scalars, and hence, the mass matrix needs to be diagonalized in order to find the physical states. The latter are given by,
where the scalar mixing angle can be written in terms of the scalar quartic couplings and the vevs,
After spontaneous symmetry breaking, the B−L gauge boson and the right-handed neutrinos acquire the following mass,
In this theory, the Majorana neutrino masses are generated through the Type I seesaw mechanism and the right-handed neutrinos are around the TeV scale unless very small Yukawa couplings, y R , are assumed. In this model, the perturbative bound on the gauge coupling is coming from the S † BL S BL Z BL Z BL interaction when n χ ≤ 2 and it is therefore given by g BL ≤ π 2 . Henceforth, we set the SM Higgs boson mass to M h 1 = 125.09 GeV and v H = 246.22 GeV. We also set the masses of the three right-handed neutrinos to the same value M R without loss of generality. Then, the model contains seven free parameters
The rest of the parameters in the Lagrangian can be expressed as a function of them,
To ensure vacuum stability of the scalar potential we impose
and we also check for the perturbativity of the couplings λ i , g BL < √ 4π. The annihilation channels of our DM candidate in this theory arē
whose explicit Feynman graphs are shown in Appendix B. Here, h i = h 1 , h 2 are the Higgses present in the theory.
In Fig. 5 , we show the allowed parameter space by dark matter relic density in the (M χ , M Z BL ) plane for the maximal value of the gauge coupling. The solid blue line satisfies the correct dark matter relic abundance Ω χ h 2 = 0.1200 ± 0.0012, while the region shaded in light blue overproduces it. The horizontal red (pink) line corresponds to the LEP (LHC) bound on the mass of the Z BL gauge boson. We set M R = M h 2 = 1 TeV, g BL = π/2 and zero scalar mixing angle. In this model, the dark matter candidate has no Yukawa interaction with S BL , and hence, there is no Higgs portal between the DM and the SM fermions. However, small value for θ BL will only have a small impact on the calculation of the dark matter relic density. For the values of M h 2 we consider, we take the bound sin θ BL ≤ 0.3 [62] .
Having fixed n χ = 1/3, we perform a random scan on the remaining six parameters in the model. In Fig. 6 we present our results, in the left panel we show the points in the M χ − M Z BL plane that are in agreement with the measured relic abundance, Ω χ h 2 = 0.1200 ± 0.0012 [50] . All points shown satisfy bounds from direct detection and LEP. In the right panel, we show the predictions for the direct detection spin-independent cross-section as a function of the dark matter mass, for the same points as in the left panel. Red points correspond to g BL = 0 − 0.25, orange points correspond to g BL = 0.25 − 0.5, blue points correspond to g BL = 0.5 − 0.75 and green points correspond to g BL = 0.75 − π 2 . The solid black line shows current experimental bounds from Xenon-1T [57] , the dashed black line shows the projected sensitivity for Xenon-nT [58] and the dotted black line shows the coherent neutrino scattering limit [61] . Since we know the maximal allowed value for the gauge boson mass, we can show the predictions for the direct detection crosssection in the full parameter space. Notice that the Xenon-nT experiment will be able to probe a large fraction of the parameter space. In this model with n χ = 1/3, we find the following upper bounds on the masses of the B − L gauge boson and the dark matter candidate M Z BL 21 TeV and M χ 11 TeV.
Therefore, we can hope to test the Type I seesaw mechanism for Majorana neutrinos and this simple theory for dark matter in the near future. value corresponds to the LHC bound on the Higgs scalar mixing angle [62] . The solid black line shows current experimental bounds from Xenon-1T [57] , the dashed black line shows the projected sensitivity for Xenon-nT [58] and the dotted black line shows the coherent neutrino scattering limit [61] .
LEPTON NUMBER AS A LOCAL GAUGE SYMMETRY
There are two simple gauge theories based on U(1) L where one predicts the existence of a dark matter candidate from anomaly cancellation [25, 26] . In this context, the dark matter mass is defined by the U(1) L symmetry breaking scale and, as we will show in the following, the scale must be in the multi-TeV scale in order to satisfy the relic density constraints. In Ref. [25] , it has been shown that one can cancel the anomalies adding six new representations to the SM fermionic content plus the three right-handed neutrinos, and in this context the dark matter candidate can be either a Dirac or a Majorana, while in Ref. [26] it is shown that the theory can be anomaly-free by adding only four representations and the dark matter is predicted to be always a Majorana fermion. Since the main goal of this article is to investigate the most generic properties of a dark matter candidate in these theories, we will focus on the Majorana case and show the predictions in the context of a simplified model which describes the most important properties. Studies where the dark matter candidate is directly coupled only to leptons have been performed in Refs. [63] [64] [65] [66] [67] [68] [69] [70] .
A. Leptophilic Dark Matter
We can consider a simple model for leptophilic Majorana dark matter which can be obtained in the context of the anomaly-free theories proposed in Refs. [25, 26] . In this context, one has the SM leptons and the right-handed neutrinos L ∼ (1, 2, −1/2, 1) , e R ∼ (1, 1, −1, 1), ν R ∼ (1, 1, 0, 1) , 
Results for the dark matter relic density for four different scenarios,
We take M h2 = 1 TeV and no mixing angle. The solid blue line gives the measured dark matter relic density Ω χ h 2 = 0.1200 ± 0.0012 [50] , while the region shaded in blue overproduces it. The region shaded in gray is excluded by the perturbative bound on the Yukawa coupling y χ . The horizontal red band corresponds to the LEP [33] bound on the U(1) L gauge boson mass. The bounds from N eff are shown by the purple region and rule out a large fraction of the parameter space.
the new Higgs needed for spontaneous symmetry breaking S L ∼ (1, 1, 0, 3), being the leptonic charge fixed by anomaly cancellation, the dark matter candidate χ L ∼ (1, 1, 0, −3/2) and other fields needed for anomaly cancellation. The explicit extended fermionic sector for the UV completions of this simplified model has been relegated to Appendix A. For details see Refs. [25, 26] . The relevant Lagrangian for our discussions is given by
and, after spontaneous symmetry breaking, one finds the following physical interactions
where = ν i , e i , with i = 1, 2, 3, and χ = χ C . In theories where the dark matter candidate is predicted by anomaly cancellation, the dark matter acquires mass through the mechanism of spontaneous symmetry breaking. This connection has phenomenological implications that will be discussed below. The Yukawa couplings in the above equation are given by
and
Notice that the gauge boson mass, M Z L , and the dark matter mass, M χ , are defined by the same symmetry breaking scale v L . This model contains five free parameters:
Notice that here the dark matter charge n χ is predicted by the theory. The relevant annihilation channels of our DM candidate in this theory are
where h i = h 1 , h 2 are the Higgses present in the theory, see Appendix B for their explicit representation in Feynman graphs. In this model, the perturbative bound on the gauge coupling is coming from the S † L S L Z L Z L coupling and it reads as g L ≤ √ 2π/3. In Fig. 7 , we present our result for the DM relic density and different constraints. The solid blue line saturates the relic abundance, Ω χ h 2 = 0.1200 ± 0.0012 [50] , and the region shaded in blue overproduces it. The four plots have two distinct regions where the correct relic abundance is achieved, one corresponds to the resonance M χ ≈ M Z L /2 in which annihilation into SM leptons give the dominant contribution. The second one, to the right of the resonance, corresponds to the non-resonant region in which the annihilation channel χχ → Z L h 2 gives the dominant contribution to the relic density.
The appearance of the non-resonant region arises due to the Yukawa interaction with the scalar h 2 , and hence, new processes contribute to the dark matter annihilation channels, see Appendix B. The area shaded in gray in Fig. 7 shows the excluded parameter space by the perturbative bound on the Yukawa coupling y χ . This bound gives an upper bound on the dark matter mass which, due to the connection with M Z L , translates as an upper bound on the lepton number breaking scale.
In this scenario, the new gauge boson is coupled only to leptons at tree-level, and hence, the LHC bounds given in Fig. 1 cannot be applied. Even though the coupling to quarks can be generated at the one-loop level, for a study including one-loop effects see [69] , and the bounds are weaker than the one coming from LEP [33] . The latter are shown by the solid red line.
In the minimal model with one extra Higgs, the active neutrinos in the SM are predicted to be Dirac fermions. Therefore, as has been discussed in Section 3, there is a bound coming from the CMB measurement of the effective number of neutrino species N eff , which gives the following bound,
Similarly to the Stueckelberg case, it is stronger than the LEP bound and it is shown by the solid purple line in Fig.7 . We should stress that by adding a new Higgs scalar with lepton number L = 2, [57] , the dashed black line shows the projected sensitivity for Xenon-nT [58] and the dotted black line shows the coherent neutrino scattering limit [61] .
a Majorana mass term can be written for ν R and, if these states are heavy, the bound from N eff is not relevant. The upper left panel in Fig. 7 corresponds to g L = 0.1. In this case, the bound from ∆N eff requires M Z L > 0.99 TeV and the correct relic abundance can be produced close to the resonance M χ ≈ M Z L /2 for dark matter masses M χ ≈ 550 GeV − 2.4 TeV. In the non-resonant regime, the correct relic abundance can be generated for dark matter masses M χ ≈ 5.4 − 39 TeV. Above this value, the Yukawa coupling, y χ , becomes non-perturbative. In the lower right panel of Fig. 7 , we show our results for the maximal value of g L allowed by perturbativity, g L = √ 2π/3 ≈ 0.84. The bound from ∆N eff requires M Z L > 8. 25 TeV. The resonant region that saturates the relic density and satisfies the bounds from LEP and ∆N eff corresponds to M χ ≈ 4.6 GeV − 10.2 TeV, while the non-resonant region works for dark matter masses M χ ≈ 8.9 − 34 TeV. Above this value, the Yukawa coupling becomes non-perturbative. Therefore, the upper bounds correspond to M Z L 21 TeV and M χ 34 TeV.
Regarding direct detection, the χ−N interaction can be mediated by Higgs mixing or the exchange of a Z L . The latter is not coupled to quarks at tree-level, and hence, this process is loop suppressed [69] . Moreover, due to the Majorana nature of dark matter, there will also be velocity suppression. Hence, we focus on the contribution from Higgs mixing,
where m N corresponds to the nucleon mass, G F is the Fermi constant and for the effective Higgsnucleon-nucleon coupling we take f N = 0.3 [71, 72] .
In Fig. 8 , we present our predictions for the spin-independent cross-section as a function of the dark matter mass in the U(1) L scenario. We perform a scan over M h 2 = 0.1 − 20 TeV and apply the LHC bound on the scalar mixing angle sin θ L ≤ 0.3 [62] . Green points correspond to sin θ L = 0 − 0.025, red points correspond to sin θ L = 0.025 − 0.1, orange points correspond to sin θ L = 0.1 − 0.2, and blue points correspond to sin θ L = 0.2 − 0.3. The solid black line shows current experimental bounds from Xenon-1T [57] , the dashed black line shows the projected sensitivity for Xenon-nT [58] and the dotted black line shows the coherent neutrino scattering limit [61] .
As illustrated in Fig. 8 , for dark matter masses within reach of Xenon-nT, M χ < 10 TeV, this type of experiments will be able to probe scalar mixing angles θ L > 0.025, providing a stronger constraint than colliders on the Higgs mixing angle. In this scenario, there is no strong correlation between the ∆N eff and direct detection bounds because the main contribution to direct detection is mediated by the Higgses in the theory, while ∆N eff provides a constraint on the ratio M Z L /g L .
SUMMARY
In this work, we investigated possible connections between the origin of neutrino masses and the properties of dark matter candidates in simple gauge theories based on local B−L or L gauge symmetries. In theories based on B − L, the gauge boson mass can be generated through the Stueckelberg or the Higgs mechanism. In the Canonical Seesaw scenario, the B −L symmetry is spontaneously broken in two units via the Higgs mechanism, the neutrinos are Majorana fermions and, in the simplest model, the dark matter is a Dirac fermion. In the case of anomaly-free gauge theories based on U(1) L , the Higgs mechanism is needed because one must generate masses for the new fermions present in theory needed for anomaly cancellation. We studied the simplest theories for local lepton number where one predicts the existence of a dark matter candidate from anomaly cancellation. In this case, the lepton number is broken in three units and the neutrinos are predicted to be Dirac particles, while the dark matter candidate is a Majorana fermion in most generic models.
We showed that the cosmological constraints on the relic dark matter density imply that the upper bound on the symmetry breaking scale in the theories studied above, where one can have a connection between the origin of neutrino masses and the dark matter, is in the multi-TeV region. In addition, we demonstrated that in theories where the neutrinos are Dirac, namely, the B −L Stueckelberg scenario and the theory based on U(1) L , the cosmological bound on the effective number of neutrino species, ∆N eff , provides a strong bound in the parameter space of the models. Furthermore, the projected sensitivity to this parameter by the CMB Stage-IV experiments could fully probe the parameter space that also explains dark matter. These results tell us one can be optimistic about the testability of the mechanism for neutrino masses in current and future experiments.
A. Appendix A The needed fermionic representations to define anomaly free theories based on U(1) L are listed in the tables below. In Table 1 we have the extra fermions in the model proposed in Ref. [26] , while in Table 2 we show the needed representations in Ref. [25] . In this appendix we present the Feynman diagrams for the dark matter annihilation channels. The diagrams shown in Fig. 9 correspond to the U(1) B−L case. For the Stueckelberg scenario the diagrams involving a Higgs are not taken into account. The diagrams in Fig. 10 
